Growth factors of the fibroblast growth factor (FGF) family occur in both vertebrates and invertebrates and contribute to the regulation of cell growth, differentiation, and migration in many biological processes (Ornitz and Itoh, 2001) . Although a few members have been identified in flies and nematodes, the family is greatly expanded in the chordate lineage: 6 genes have been identified in ascidians and 22 in mammals (Huang and Stern, 2005). The FGF signal plays essential roles in various aspects of vertebrate development, including mesoderm and neural induction, dorsoventral patterning, neural plate regionalization, and the formation of a number of tissues and organs. FGFs are now classified into seven groups according to their structural characteristics: FGF1, FGF4, FGF7, FGF8, FGF9, FGF11, and FGF19 subfamilies (Itoh and Ornitz, 2004).
Introduction
Growth factors of the fibroblast growth factor (FGF) family occur in both vertebrates and invertebrates and contribute to the regulation of cell growth, differentiation, and migration in many biological processes (Ornitz and Itoh, 2001) . Although a few members have been identified in flies and nematodes, the family is greatly expanded in the chordate lineage: 6 genes have been identified in ascidians and 22 in mammals (Huang and Stern, 2005) . The FGF signal plays essential roles in various aspects of vertebrate development, including mesoderm and neural induction, dorsoventral patterning, neural plate regionalization, and the formation of a number of tissues and organs. FGFs are now classified into seven groups according to their structural characteristics: FGF1, FGF4, FGF7, FGF8, FGF9, FGF11, and FGF19 subfamilies (Itoh and Ornitz, 2004) .
The FGF signal is transmitted into cells through specific receptors (FGFRs) on the cell membrane (Ornitz and Itoh, 2001) . FGFRs consist of an extracellular domain with two or three immunoglobulin domains and a cytoplasmic split 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.10.008 tyrosine kinase domain. The kinase domain is activated by ligand binding to the extracellular domain in the presence of heparan sulfate proteoglycan. This elicits several signal pathways, including the Raf-Ras-MAP kinase and phosphoinositol cascades. Furthermore, a number of feedback regulatory mechanisms involve Sef, Sprouty, MKP3, and FLRT3 (Bottcher and Niehrs, 2005) . Thus, the resultant cell responses depend on the activated pathways and cytoplasmic regulatory mechanisms. FGF signal transduction is further complicated by the presence of four fgfr genes, as well as by the splicing variants of the respective FGFRs (Groth and Lardelli, 2002; Powers et al., 2000) . The major variants are the b and c isoforms of FGFR1-3, i.e., FGFR1b/c, FGFR2b/c, and FGFR3b/c, each of which uses a distinct exon for the C-terminal portion of the third Ig domain (IgIII) (Johnson et al., 1991; Ornitz et al., 1996) . Of note, the two major isoforms of FGFR2 display differences in expression and biological function in embryogenesis (Orr-Urtreger et al., 1993; Shi et al., 1994) . The binding affinities of the respective FGFRs to various FGFs have been systematically examined using mitogenic assays and suggest significant binding selectivity between FGF ligands and their receptors (Ornitz et al., 1996; Zhang et al., 2006) .
The roles of FGFRs in vertebrate development have been examined extensively in several species using either or both of mutants and the gene knockdown approach to reveal common and unique functions of the fgfr genes (Xu et al., 1999 and references therein; Scholpp et al., 2004; Yokoi et al., 2007) . However, the effects of gene mutation and knockdown were too severe because of the essential roles of these genes at early developmental stages or the effects were not detected because of the high redundancy of fgfr genes. Investigation of FGF signal functions using modified FGFR genes, including constitutively active forms (Neilson and Friesel, 1996; Umbhauer et al., 2000; Webster and Donoghue, 1997a) , dominant-negative forms (Amaya et al., 1991; Celli et al., 1998; Cheon et al., 1994; Govindarajan and Overbeek, 2001; Griffin et al., 1995; Hardcastle et al., 2000) , and inducible FGFR (Pownall et al., 2003) , have yielded interesting insights about the signals during development. However, these investigations used one or two isoforms of different FGFRs and did not broadly compare various FGFRs. To understand the full role of the FGF signal as mediated by various FGFRs and to interpret accurately the effects of modified FGFRs on development, the activities of differently modified forms of the various FGFRs must be defined. Thus, we created different versions of modified fgfr genes in zebrafish, which, like other vertebrates, has four fgfr genes (Scholpp et al., 2004; Sleptsova-Friedrich et al., 2001; Thisse et al., 1995; TonouFujimori et al., 2002) , and examined their effects via overexpression in zebrafish embryos. Our results demonstrate the effectiveness of this modified fgfr gene approach for analyzing the roles of the complex FGF-FGFR system in vertebrate development.
Results

Effects of activating different FGFRs in zebrafish embryos
To clarify the functions of various FGFRs after activation by ligand binding, we first constructed fusion genes of the constitutively active forms (ca-FGFR) of the four fgfr genes (fgfr1-4), as had been already done for Xenopus FGFR1 and 4 (Umbhauer et al., 2000) . These genes encoded fusion proteins that each comprised a Torso D extracellular domain and a transmembrane domain on the N-terminal side and an intracellular domain containing a kinase domain of each respective FGFR. The extracellular regions of ca-FGFRs associate with each other in the absence of FGF ligands, forming homodimers that create constitutively activated receptors. For FGFR1-3, two splicing isoforms are known with respect to the juxtamembrane region of the intracellular kinase domain. One isoform contains two amino acids, valine and threonine, the VT site, and the other does not (VT+ and VTÀ, respectively) (Gillespie et al., 1995) , and these dipeptides have been implicated in the regulation of FGFR (Paterno et al., 2000; Burgar et al., 2002) . Among the ca-FGFRs that we examined, ca-FGFR1 was VT+ (ca-R1), ca-FGFR3 was VTÀ (ca-R3), and ca-FGFR2 was either VT+ or VTÀ (ca-R2+, ca-R2À).
When overexpressed in zebrafish embryos, a high dose (50 pg mRNA/embryo) of ca-R3 severely disturbed blastoderm formation by 30% epiboly ( Supplementary Fig. 1A -E), which arrested further development. In contrast, ca-R3 at a lower dose (5 pg mRNA/embryo) and all the remaining four ca-FGFR genes (ca-R1, ca-R2+, ca-R2-, ca-R4) at a high dose (50 pg mRNA/embryo) resulted in similar morphological phenotypes around the bud stage, inducing embryo elongation along the animal-vegetal axis (Fig. 1A-F ) and ventral expansion of the somites at early segmentation stages (data not shown). These are the features that are often associated with the dorsalization of zebrafish embryos by various reagents including FGF (Cao et al., 2004; Fü rthauer et al., 2001 Fü rthauer et al., , 1997 Stachel et al., 1993) . Many of the embryos died during somitogenesis, which was also observed in embryos hyperdorsalized with Li (Stachel et al., 1993) . Consistent with these morphological defects, all of the ca-FGFR genes also thickened or duplicated the notochord, as revealed by the expression of no tail (ntl, Fig. 1G -L) (Schulte-Merker et al., 1994) , and ventrally expanded the expression of six3b in the forebrain (Kobayashi et al., 1998) , pax2a at the midbrain-hindbrain boundary (MHB) (Krauss et al., 1991) , and krox20/egr2b in the hindbrain (Oxtoby and Jowett, 1993) (Fig. 1M-R, Supplementary Fig. 1F -H), demonstrating that both the mesoderm and neural plate are dorsalized by FGFR activation. At the same time, the six3b domain was compressed and the expression of pax2a and krox20 shifted anteriorly, showing that the brain is caudalized by these ca-R genes. The expression of spry4 (Fig. 1S-X ) and erm (data not shown), which are considered direct readouts of the FGF signal (Fü rthauer et al., 2001; Raible and Brand, 2001) , was similarly expanded by all the ca-R genes examined. Indeed, besides the ventral expansion at the MHB and tailbud, spry4 was broadly, although weakly, expressed ectopically throughout the embryonic body, which can be seen especially at the ventral side in the focal plane. Thus, it is likely that the four FGFRs share the main signaling pathway at least in early embryos.
At 24 hpf, ca-FGFR overexpression disrupted the structure of the forebrain (Fig. 1Y , Z, and a-d), whereas it caused duplication of the head in the MHB region and hindbrain (Table 1) . However, this overexpression did not duplicate the spinal cord. The forebrain abrogation and MHB/hindbrain duplica-tion were confirmed by the expression of six3b in the forebrain, pax2a in the MHB, and krox20 in the hindbrain (Fig. 1e-j ). These results demonstrate that the ligand-independent activation of all four FGFRs dorsalizes embryos and suppresses forebrain formation while eliciting the formation of the posterior brain. Importantly, although the potencies were different, the activation of all of these FGFR genes resulted in a similar range of phenotypes. Because ca-R2+ and ca-R2À showed similar effects, VT probably does not generate a significant qualitative or functional difference in down- Fig. 1 -Effects of ca-FGFRs on early development of zebrafish embryos. Alive views (A-F and Y-d) or marker expression patterns (G-X and e-j) of embryos, which were injected with mRNA for ca-FGFRs that are specified at the top (50 pg/embryo except for ca-R3, for which 5 pg mRNA/embryo was used), are shown at the bud stage (A-X) or 24 hpf (Y-j). (G-L) Expression of ntl in the notochord. (M-R and e-j) The expression of six3b, pax2a, and krox20 in the forebrain (asterisk), MHB (triangle), and hindbrain (r3, r5), respectively. (S-X) The expression of spry4 as a readout of the FGF signal. When the expression was considered abnormal compared with control embryos injected with egfp mRNA, the numbers of abnormal embryos and those of stained embryos are shown at the bottom right. 
2.2.
Comparative analysis of the effects of membranebound dominant-negative FGF receptors on zebrafish development An artificially modified FGFR1 lacking the cytoplasmic domain (mdn-FGFR), which was termed XFD, effectively suppresses normal FGFR activity in a dominant-negative manner, and their effects on embryos suggested the importance of the FGF signal in the development of the posterior structure in Xenopus (Amaya et al., 1991 (Amaya et al., , 1993 and zebrafish (Griffin et al., 1995) . mdn-FGFR probably associates with endogenous FGFR on the membrane to form an inactive heterodimer, thereby blocking downstream FGF signals. Some of its effects have been ascribed to promiscuous heterodimerization with different FGFRs, suggesting that mdn-FGFR suppresses not only the signals from the cognate FGFR, but also those from different FGFRs (Ueno et al., 1992) , although the effects of different mdn-FGFRs have not been systematically compared. Hence we constructed deleted genes encoding mdn-FGFRs for the four zebrafish FGFRs (mdn-R1, mdn-R2b/c, mdn-R3, and mdn-R4 for FGFR1-4) to compare their effects in early zebrafish development.
All of the mdn-FGFRs except mdn-FGFR4 disturbed epiboly, giving rise to embryos with short axes at the bud stage (data not shown), and significantly impaired development of posterior structures, including the trunk and tail at later stages (Table 2A and Fig. 2A-F and data not shown), as previously observed for XFD (Griffin et al., 1995) . In some embryos with posterior defects, we also observed a broad spectrum of brain anomalies such as isthmic constriction defects, small heads, and cyclopic eyes. At the bud stage, the use of mdn-FGFR1-3 to interfere with endogenous FGFR reduced the ntl expression in the notochord and pax2a expression in the MHB, but did not affect six3b expression in the forebrain , demonstrating that these mdn-FGFRs severely affect development posterior to the MHB. Thus, although the efficacies were different, all of the mdn-FGFRs except mdn-FGFR4 appeared to affect development in a similar manner. The suppressive effect of mdn-R genes against the FGF signal was confirmed by the downregulation of spry4 (Supplementary Fig. 2A-F) .
Among the mdn-FGFR genes, mdn-R3 consistently showed the most potent effects on both neural development and notochord formation (Table 2) . Indeed, the overexpression of increasing amounts of mdn-R3 mRNA progressively affected the AP patterning of the neural plate, which was visualized by the expression of six3b and pax2a, in a dose-dependent manner. At a low dose (160 pg/embryo), mdn-R3 disrupted only posterior structures ( Fig. 3A and B) , whereas at higher doses, it disrupted almost all of the central nervous system except the forebrain and eye . Thus, strong suppression of the FGF signal by mdn-R3 allowed only for the development of the anteriormost structure. The mdn-R3 effect was more severe than the effect of XFD, which we observed to be similar to those of the remaining mdn-R genes from zebrafish (data not shown, see also Supplementary Fig. 2G (Ueno et al., 1992) . The strong effect of mdn-R3 could be due to its ability to heterodimerize with many FGFRs, which show different affinities (Ornitz et al., 1996; Zhang et al., 2006) to the numerous FGF family ligands (22 in mammals and at least 26 in zebrafish; Itoh and Ornitz, 2004) . In fact, vertebrate FGFs are classified into seven subfamilies (FGF1, FGF4, FGF7, FGF8, FGF9, FGF11, and FGF19), and the ligands in a given subfamily have similar activation spectra to different FGFRs (Zhang et al., 2006) . Thus, we examined the suppressive effects of different mdn-FGFRs against one zebrafish FGF from each of the subfamilies (fgf3, fgf4, fgf8, and fgf16 from the FGF7, FGF4, FGF8, and FGF9 subfamilies, respectively) (Fü rthauer et al., 2001; Grandel et al., 2000; Phillips et al., 2001; Nomura et al., 2006) that have been shown to play significant roles in vertebrate development (Ornitz and Itoh, 2001 ). We co-injected mRNA of each of mdn-FGFR genes with mRNA for the different fgf genes. As was reported for fgf3 and fgf8, embryos that overexpressed any of the fgf genes examined always exhibited elongation along the animal-vegetal axis ( Supplementary Fig. 3C , I, O, and U), which has been ascribed to dorsalization (Cao et al., 2004; Fü rthauer et al., 2001 Fü rthauer et al., , 1997 Fü rthauer et al., , 2004 . This fgf effect allowed us to determine if mdn-FGFR blocked the activity of FGF.
The respective mdn-FGFRs displayed a certain degree of selectivity to the different fgf genes (Fig. 4 , Supplementary  Fig. 3 ). Although one should be aware that the effects of various mdn-FGFRs could have been affected by different overall protein levels produced from injected mRNA, as was suggested by the deviations observed (Fig. 4) , the mdn-FGFRs consistently showed characteristic suppression spectra: mdn-R1 and mdn-R2b/2c were significantly suppressive against fgf16, but suppressed fgf3, fgf4, and fgf8 with different efficiencies, whereas mdn-R4 showed weak and limited effects on the fgf genes. Notably, mdn-R3 effectively suppressed all of the representatives of the four FGF subfamilies examined. These findings were consistent with the relative effectiveness of these mdn-FGFRs in causing developmental anomalies, as described above. The suppression of the fgf genes by mdn-R genes was verified by the downregulation of the fgf-driven ectopic expression, in addition to the endogenous expression, of spry4 (representative data are shown in Supplementary Fig. 2I , J, L, and M).
Although all fgf genes were not examined, FGFs of the same subfamily tended to show similar affinities to different FGFRs (Zhang et al., 2006) , as mentioned above, making it likely that mdn-R3 suppresses diverse FGF ligands. Because respective FGFRs have characteristic affinity patterns for different FGF ligands, we assume that mdn-FGFR3c, encoded by mdn-R3, efficiently associates with most FGFRs, thus generally blocking FGF signal at least in early zebrafish development. XFD also suppresses all the fgf mRNAs examined, although the effects were weaker compared to mdn-R3 (Fig. 4) . This is in line with the weaker effect of XFD compared to mdn-R3. The suppression spectra for zebrafish mdn-R1 and XFD, which was derived from Xenopus FGFR1, were similar, probably reflecting their evolutionary relationship.
2.4.
Effects of mdn-R3-mediated general suppression of the FGF signal on zebrafish development
We further examined the effects of mdn-R3 overexpression (300 pg/embryo) using various regional markers to elucidate the general function of the FGF signal in development. At 50% epiboly, the expression of ntl and tbx6 (Hug et al., 1997) in the blastoderm margin was severely downregulated (Fig. 5A, A 0 , B, and B 0 ). Interestingly, mdn-R3 downregulated goosecoid (gsc) in the shield (Stachel et al., 1993) , which is the organizer of the fish embryo, but scarcely affected the ventral expression of spadetail/ tbx16 (spt) (Griffin et al., 1998) , eve1 (Joly et al., 1993) , and cad1/ cdx4 (Joly et al., 1992 ) ( As to the neural development, otx2 expression (Li et al., 1994 ) was downregulated in the caudal portion of the fore/midbrain, but six3b expression in the forebrain was unaffected, suggesting that the midbrain formation was suppressed by mdn-R3 (Figs. 2O and 7A, B, F, A 0 , B 0 , and F 0 ). The expression of pax2a at the MHB, as well as that of krox20 in the hindbrain, was also suppressed by mdn-R3 (Figs. 2O and 7B, E, F, B 0 , E 0 , and F 0 ). The expression of gbx2 at the MHB (Kikuta et al., 2003) was also inhibited at the bud stage. When the anomaly was mild and the head including the hindbrain was formed, however, gbx2 expression was restored (Fig. 7D , G, D 0 , and G 0 ). Finally (Alexandre et al., 1996; McClintock et al., 2001) , hoxb1b expression was reduced in both the intensity and size of the expression domain, with the loss of a sharp anterior expression boundary ( Fig. 7C and C 0 ).
Effects of soluble dominant-negative FGFRs on zebrafish development
Modified FGFRs lacking both the cytoplasmic and transmembrane regions suppress FGFs (Cheon et al., 1994; a Embryos with different phenotypes were scored separately at 24 hpf and shown by percentages. Typically, embryos showed degenerated trunk and tail (Trunk/Tail), but others were additionally disrupted in the midbrain and hindbrain (Head/Trunk/Tail) or seemed entirely degenerated (amorphous). b Expression patterns of ntl were scored at the bud stage. They became distorted, shortened, or absent, but were usually retained in the tailbud. c The formation of the forebrain and MHB was examined by the expression of six3b and pax2a, and the anomalies were scored at the bud stage. Typically, six3b expression in the forebrain was retained, but pax2a expression in the MHB was distorted or absent. Govindarajan and Overbeek, 2001 ). This type of truncated FGFR forms homodimers after secretion and traps FGF ligands, thus suppressing their effects on target cells. Because different FGFRs have characteristic binding affinities to different FGF ligands (Ornitz et al., 1996; Zhang et al., 2006) , secretory FGFRs, which we refer to as soluble-dominant-negative FGFRs (sdn-FGFRs), are expected to bind to different FGFs with the affinities characteristic of the original FGFRs. Indeed, secretory FGFRs have been shown to bind to FGFs in a highly specific manner (Cheon et al., 1994; Govindarajan and Overbeek, 2001 ). We used mRNA injection to overexpress the sdn-FGFR genes for five FGFRs in embryos (i.e., FGFR1c, 2b, 2c, 3c, and 4) and then scored their effects. Among the five modified FGFRs, sdn-R3 alone showed a strikingly specific phenotype, which was quite different from that in mdn-FGFR-expressing embryos (Table 3 and Fig. 8 , and data not shown). Hence, we focused on the effects of sdn-R3 and compared them to those of mdn-R3. The effect of sdn-R3 became evident at the bud stage, when the head was formed slightly ventral to the animal pole and the tailbud was found slightly dorsal to the vegetal pole, forming a sharp angle between the animal-vegetal axis and the head-tail axis ( Fig. 8A and A' ). At this stage, expression of spry4 was significantly downregulated at the anterior neural boundary, MHB, and tailbud, showing effective suppression of the FGF signal in these regions ( Supplementary  Fig. 2H ). At 24 hpf, sdn-R3 severely affected the trunk and tail, leaving amorphous cell clumps at the posterior end, which probably represented a degenerated tail, whereas the entire head remained almost intact (Fig. 8B, B 0 , C, and C 0 ). At a higher mRNA dose, sdn-R3 completely eliminated the trunk and tail, disrupted the isthmic constriction in the brain, and reduced the otic vesicles (Table 3B and Fig. 8C  0 0 ). These anomalies in the head were reminiscent of those in acerebellar (ace) mutants that lack fgf8 (Reifers et al., 1998) . After staining embryos with acridine orange, we detected apoptotic clusters in the bud region at early somite stages ( Fig. 8D and D 0 ). At middle somite stages, the apoptotic clusters expanded anteriorly into paraxial mesoderm ( Fig. 8E and E 0 ). At 25 hpf, the entire posterior domain was degenerating ( Fig. 8F and F 0 ), and additional apoptotic cells were observed in the telencephalon and pharyngeal regions ( Fig. 8G and G 0 ).
To elucidate the specificity of sdn-FGFR genes, we again performed co-injection experiments, this time introducing mRNA for both sdn-FGFRs and fgf genes into embryos. Some sdn-FGFRs trapped different FGFs in a specific manner, despite the lack of apparent morphological effects (unpublished data). Importantly, sdn-R3 was specifically effective against the FGF8 subfamily, including fgf8, fgf8.2 (Inoue et al., 2008; previously called fgf17a), fgf17b (Cao et al., 2004) , and fgf24 (Draper et al., 2003) (Fig. 9) . Indeed, the ectopic expression of spry4 driven by the FGF8 subfamily genes was significantly suppressed in embryos expressing sdn-R3, despite their slightly elongated morphologies that could be ascribed to the sdn-R3 effects described above, whereas that by the other fgf genes was not (compare Supplementary Fig. 2N with K, additional data not shown). This is concordant with the similarity between ace and sdn-R3-expressing embryos in phenotypes of the head.
2.6.
Analysis of the functions of the FGF8 subfamily in zebrafish development using sdn-R3 overexpression FGF8 plays many important roles in vertebrate development; it is expressed in numerous embryonic regions that function as signaling centers and govern many aspects of embryonic patterning, neural induction, and organogenesis (Bottcher and Niehrs, 2005; Dono, 2003) . Because other FGF8 subfamily members show similar activity and are often co-expressed, it is difficult to clarify the functions of this subfamily by suppressing single genes via conventional gene disruption or gene knockdown experiments. This is especially difficult for zebrafish (Draper et al., 2003; Fü rthauer et al., 2004; Maroon et al., 2002; Shinya et al., 2001) , which possess at least six fgf genes in the FGF8 subfamily (fgf8, fgf8.2, fgf17b, fgf18, fgf18l, and fgf24; Zebrafish Information Network, http://zfin.org/). Thus, by suppressing the entire subfamily, sdn-R3 could provide an ideal method for revealing the functions of the FGF8 subfamily in zebrafish embryos.
To distinguish the effects of general FGF suppression from those due to the specific suppression of the FGF8 subfamily, we characterized the effects of sdn-R3 in detail at the molecular level using the same markers that we used in analyzing the effects of mdn-R3. At 50% epiboly, sdn-R3 suppressed ntl, a pan-mesodermal marker, in the blastoderm margin, as well as tbx6 expression in the ventral mesoderm, just as mdn-R3, showing its inhibitory effect on mesodermal differentiation (Fig. 5A 00 and B 00 ). The expression of gsc in the shield and that of spt, eve1, and cad1 in the ventral blastoderm were unaffected (Fig. 5C 00 -E 00 and data not shown), in contrast to the effect of mdn-R3, which suppressed gsc, suggesting that the dorsal development requires the FGF signal, but not specifically the FGF8 subfamily activity. At the bud stage, the expression of ntl, spt, and tbx6 in the tailbud was significantly downregulated, whereas that of ntl in the notochord and tbx24 in the paraxial mesoderm were retained, although at slightly reduced levels ( Fig. 6A 00 -D 00 ). Thus, bud formation is especially sensitive to sdn-R3, compared with the more anterior mesoderm. These phenotypes are different from those elicited by mdn- Red, only six3b expression in the forebrain was observed; green, the expression of six3b in the forebrain and that of pax2a in the MHB were observed; white, the expression of six3b in the forebrain and that of pax2a in the MHB and OV were observed; blue, the expression of six3b in the forebrain and pax2a in the MHB/OV/pronephros normally occurred. Scale bars, 100 lm.
R3, which severely affected the formation of the paraxial mesoderm, instead of the tailbud. The expression of myod in the adaxial cells was retained, whereas that of myod in somites (myotomes) was disrupted, showing that somite differentiation is severely affected during somitogenesis ( Fig. 6E 00 and F 00 ). In addition, sox17 expression in endoderm cells was retained, although slightly reduced, in sdn-R3-expressing embryos (Fig. 6G  00 ).
In the neural plate, sdn-R3 had little effect on otx2, six3b, and pax2a in the brain at the bud stage ( Fig. 7A 00 and B 00 ). We also observed the expression of hoxb1b with an anterior boundary at r3/4, krox20 in r3 and r5, and valentino (val) in r5 and r6 (Moens et al., 1998) , although their expression widened laterally ( Fig. 7C 00 and E 00 , and not shown), showing a delay of convergence in the neural plate posterior to MHB. As we observed for mdn-R3, sdn-R3 efficiently downregulated gbx2 in the anteriormost hindbrain, which was in striking contrast to the inability of sdn-R3 to affect pax2a expression at this stage ( Fig. 7B 00 and D 00 ). At 24 hpf, pax2a and gbx2 expression at the MHB was specifically suppressed, whereas pax2a expression in the optic stalk, otic vesicles, and spinal cord, as well as the expression of six3b in the forebrain and krox20 in the hindbrain, was little affected (Fig. 7F 00 and G 00 ). The expression of sonic hedgehog (shh) in the ventral brain, zona limitans intrathalamica, and floor plate was normal in the head (Krauss et al., 1993) , but was absent posterior to the hindbrain, showing disruption of the posterior neural tube ( Fig. 7H and H 00 ).
Discussion
The cytoplasmic domains of different FGFRs perform similar functions in early development
In all vertebrates examined thus far, including the zebrafish, four fgfr genes encode basically similar receptor proteins, which contain an extracellular domain with two or three Ig domains and an intracellular domain with tyrosine kinase activity. Such structural similarity may result in common biochemical activity, although the functions of the cytoplasmic domains in animal development have not been compared systematically. We examined the effects of constitutively active forms of the four FGFRs, which form homodimers, independent of ligand binding, to activate the downstream pathways. All of the activated FGFRs gave rise to similar phenotypes, although with different potency. In embryos with activated FGFRs, we consistently observed dorsalization and caudalization, as shown by morphology and marker gene expression. In line with the effects of this ligand-independent activation of FGFRs, some fgf genes dorsalize and/or caudalize zebrafish Fig. 4 -Selective suppression of the dorsalizing functions of fgf genes by the overexpression of different mdn-R. Zebrafish embryos were co-injected with mRNA for egfp (400 pg/embryo) or specified mdn-R genes (100-400 pg/embryo) together with different fgf mRNA (fgf3, fgf4, fgf8, and fgf16) at minimal amounts sufficient to attain complete dorsalization. The effect of fgf overexpression, which was visualized by elongation at the bud stage along the animal-vegetal axis in embryos, was examined when mdn-R mRNA was co-injected at two different amounts (bottom of each panel). Embryos were judged as rescued by mdn-R when the ratio of the animal-vegetal axis to the other axis was reduced below 1.2 ( Supplementary Fig. 3B ). The ordinates represent the percentages of embryos that were judged dorsalized by the same criteria. Co-injection was repeated three times for each combination, and the error bars show standard errors of means.
embryos (Cao et al., 2004; Reifers et al., 2000) . In addition, the duplication or thickening of the notochord could be due to the activation of ntl expression by the FGF signal that was shown previously (Bottcher and Niehrs, 2005; Kimelman, 2006) . In congruence with the phenotypic similarity, all the ca-R genes gave rise to efficient expansion of direct target genes of the FGF signal, such as spry4 and erm, suggesting that the four FGFRs share similar mediators in their signal transduction at least during embryogenesis. The relatively weak activation of spry4 at the bud stage in dorsalized embryos could be due to degradation of ca-R mRNA after its early effect on dorsoventral patterning. It should be noted here that the endogenous function of different FGFRs depends on a number of parameters, such as their temporal and spatial expression in embryos, available ligands, and the cellular microenvironment.
Among the ca-FGFRs examined, only ca-FGFR3 potently affected early development by the 30%-epiboly stage. Thus, embryonic cells at this stage are competent to the FGF signal, Fig. 5 -Effects of two types of dominant-negative FGFR3c on the patterning in early gastrulae. Embryos were injected with mRNA (300 pg/embryo) for egfp, mdn-R3, or sdn-R3, and examined for the expression of regional marker genes at 50% epiboly or shield stage. All are animal pole views with dorsal to the right. When the injected embryos showed anomalies compared to control, the numbers of abnormal embryos against those that were stained are shown at the right top. The expression of ntl and tbx6 in the blastoderm margin was downregulated by both dominant-negative genes. gsc expression was repressed only with mdn-R3, and the expression of spt and eve1 in the ventral margin was little affected. Scale bars, 100 lm. which is consistent with the early expression and patterning effects of several fgf genes (Fü rthauer et al., 2001 ) and maternal fgfr1 expression (Scholpp et al., 2004) in zebrafish embryos. Although the significance of this early ca-FGFR3 effect in embryogenesis requires further investigation, ca-FGFR3 at a lower dose gave rise to phenotypes that were observed for the other ca-FGFRs, suggesting that the functions of FGFR3 are qualitatively similar to those of other FGFRs. The FGFRs have a large number of splicing variants in addition to the b/c isoforms, and one isoform for FGFR1-3 has a VT sequence, another does not, in the juxtamembrane domain. In Xenopus embryos, this dipeptide sequence is the target of protein kinase C, and two FGFR isoforms (VT+ and VTÀ) can be regulated differently (Paterno et al., 2000) . In addition, VT was shown to mediate the association of the adapter protein, FRS2, with the receptor protein (Burgar et al., 2002) . In our experimental system, we did not observe any apparent functional differences between ca-R2+ and ca-R2À, but our experiments addressed only a few phenotypes that are restricted to global patterning during early development. In addition, the modified FGFRs that we used might have been maximally activated to be refractory to slight modulation through the VT sequence. Detailed comparison of the effects of VT-splicing variants remains to be performed. The use of this constitutively activated FGFRs will provide a good tool for understanding the unique function of FGFR4 during development. Furthermore, constitutively activated FGFRs, especially FGFR2 and FGFR3, generate autosomal disorders of skeletal and cranial development, and our approach may contribute to understanding these congenital diseases (Webster and Donoghue, 1997b).
Different mdn-FGFRs allow for selective interference with various FGF-FGFR functions
In many species, mdn-FGFRs are used to disrupt the FGF signal to gain information about the role of this signal in embryos, although the specificity or selectivity of this dominantnegative form against various FGF ligands has not been extensively investigated. Instead, because the signaling by different types of FGFRs is blocked by a single truncated FGFR type (Ueno et al., 1992) , mdn-FGFRs are often used to suppress the entire FGF signal. However, the effects of the most widely used mdn-FGFR, XFD, are restricted to the trunk and tail, leaving the entire head almost intact (Amaya et al., 1991; Griffin et al., 1995; this study) , which is at odds with many findings that FGF also patterns the brain from the telencephalon to the myelencephalon at different developmental stages (Aboitiz and Montiel, 2007; Partanen, 2007) . Indeed, in contrast to XFD, mdn-FGFR4 affects neurogenesis and/or leads to defects in the anterior neural region, including the telencephalon and eye region (Hardcastle et al., 2000; Hongo et al., 1999) . Our investigation of the effects of mdn-FGFR1-4 on early zebrafish development is, to our knowledge, the first systematic comparison of the effects of different mdn-FGFRs on embryos. The main target of these mdn-FGFRs is the posterior structure, including the trunk and tail, which was confirmed by their effects on the formation of the mesoderm. Our experimental system showed that brain formation was also affected by mdn-FGFR1c, mdn-FGFR2b/c, and mdn-FGFR3c. Of these, mdn-FGFR3c at the highest dose allowed only forebrain formation, whereas mdn-FGFR4 effects, if any, were restricted to the posterior structure. Thus, differences in mdn-FGFR effects roughly correlate with the suppression spectra against different FGF ligands, as shown by our co-injection experiments. The relatively low sensitivity of the head formation to mdn-FGFRs may be partly explained by residual FGFs operating endogenously in head formation.
In the co-injection experiments, we examined at least one FGF from each of four FGF subfamilies (i.e., FGF4, FGF7, FGF8, and FGF9 subfamilies), and all were effectively suppressed by mdn-FGFR3c. Most FGFs that play important roles in early development and organogenesis belong to these subfamilies (Huang and Stern, 2005). In contrast, few reports have shown the FGF1, FGF11, and FGF19 subfamilies to play significant effects of sdn-R3 on the dorsalizing activities of fgf3, fgf4, and fgf8 are shown. The dorsalizing activity of fgf3 and fgf4, as revealed by the elongated morphology, was not affected by sdn-R3, whereas the effects of fgf8 were strongly suppressed. It should be noted that embryos co-injected with mRNA for fgf8 and sdn-R3 were no more simply elongated, but that they were distorted as shown in Fig. 8A 0 , which is the reason why embryos also seem slightly elongated. Importantly, the FGF signal was disrupted in these apparently elongated embryos as visualized by the downregulation of spry4 ( Supplementary Fig. 2K and N, additional data not shown). Scale bars, 1 mm. (E) Embryos were judged as rescued as described in the legend to Fig. 4 and Supplementary Fig. 3B . The ordinates represent the percentages of embryos which were judged dorsalized. Co-injection was repeated three times for each combination, and the error bars show standard errors of means. The amounts of sdn-R3 and egfp mRNA are shown at the bottom of each panel.
roles in early embryos. In addition, different FGFs from a given subfamily have similar spectra of activating FGFRs, as shown by mitogenic assays in cultured cells (Zhang et al., 2006) . Therefore, mdn-FGFR3c most likely works as a general inhibitor of the FGF signal that regulates vertebrate development. The dose-dependent progressive abrogation of embryonic structure from posterior to anterior by mdn-FGFR3c supports the idea that the FGF signal is the posteriorizing signal that provides the anterior-posterior pattern to the embryo (Appel, 2000; Holowacz and Sokol, 1999; Koshida et al., 1998; Reifers et al., 2000; Shiotsugu et al., 2004) . The forebrain, which was formed even at the highest mdn-FGFR3c dose, may be a location where even very low levels of the FGF signal allow development to proceed. It was shown recently in medaka using mutant analysis and chemical inhibition that FGFR1-mediated signaling, and even the FGF signal, are dispensable for mesoderm induction in gastrulae (Shimada et al., 2008) . This result is seemingly incompatible with our present result showing that general suppression of the FGF signal significantly impairs mesoderm formation in early gastrulae. However, since we did observe residual expression of mesodermal markers in the tailbud after gastrulation, the mesoderm seems to be recovered at later stages even when the FGF signals are affected. Thus, the discrepancy could be due to a species difference in the developmental stage at which mesoderm formation/maintenance depends on FGF signaling. To critically address this issue, it is necessary to use the same analytical methods on a single species. Shimada et al. also noted that the anterior migration of the prechordal plate depends on FGFR1, which might be the same phenotype we observed at the bud stage in mdn-FGFRexpressing embryos (short axis).
Among the FGFs, FGF8 was suppressed by many of the mdn-FGFRs examined. FGF8 plays pivotal roles in many aspects of vertebrate development (Bottcher and Niehrs, 2005; Dono, 2003) , especially mesoderm and neural induction, dorsoventral patterning, somitogenesis, and neural tube elongation. Thus, the similar phenotype observed for most mdnFGFRs in the posterior structure could be ascribed to the suppression of FGF8 by different mdn-FGFRs. We observed relatively weak suppression of fgf8 by mdn-FGFR2b compared to the effects of other mdn-FGFRs including mdn-FGFR2c, which was in keeping with the functional differences reported for FGFR2b and FGFR2c (Orr-Urtreger et al., 1993; Shi et al., 1994) and the finding that FGFR2b was not activated by FGF8 in cell culture systems (Ornitz et al., 1996) . However, this seeming difference should be carefully interpreted because of the above-mentioned limitation of this methodology.
Although mdn-FGFRs were suggested to undergo promiscuous heterodimerization, resulting in a lack of ligand specificity (Ueno et al., 1992) , our co-injection experiments showed that the effects of different mdn-FGFRs against FGFs were biased to some degree, probably due to partially selective affinities of different FGFRs. Our conclusion accords with several reports of different mdn-FGFRs leading to different phenotypes (Hardcastle et al., 2000; Hongo et al., 1999) . Therefore, caution is required in interpreting the results obtained with XFD (Amaya et al., 1991 (Amaya et al., , 1993 Griffin et al., 1995) , which was the first mdn-FGFR generated for Xenopus FGFR1 and is often used to suppress the FGF signal. Indeed, in zebrafish embryos, XFD did not suppress the expression of a forebrain/midbrain marker (otx2) and only slightly suppressed krox20 in the hindbrain (Roy and Sagerströ m, 2004 ), whereas we found that mdn-R3 significantly affected these genes. At least one of the reason for this difference may be the relatively low affinities between XFD and zebrafish FGFs, as was suggested by our co-injection experiments.
3.3.
Secretory FGFRs can be used as specific inhibitors of given FGF subfamilies
The suppression spectra of sdn-FGFRs against FGFs were more restricted than those of mdn-FGFRs. Among the combinations between FGFs and sdn-FGFRs, we obtained effective suppression of FGF3 (FGF7 subfamily) by sdn-FGFR2b (unpublished data) and the FGF8 subfamily by sdn-FGFR3c. This selectivity between FGFRs and FGFs coincides with that observed in mitogenic assays (Ornitz et al., 1996) . In contrast to mdn-FGFRs, secretory forms of FGFRs form homodimers, which may explain the high specificity of sdn-FGFRs against FGFs. Unexpectedly, other sdn-FGFRs showed only marginal or little suppressive effect on the FGFs examined. In this regard, it should be mentioned that, in the sdn-FGFRs that we constructed, the C-terminal transmembrane and cytoplasmic domains were simply deleted. The removal of the C-terminal region may have affected the stability of the dimers and diminished their FGF-trapping activity.
The effectiveness of sdn-FGFR3c as a general inhibitor against the FGF8 subfamily merits attention, considering the essential role of this FGF subfamily in many aspects of vertebrate development. In the brain, fgf8 is required for the formation of the MHB and isthmus, and the FGF8 signal is required for cerebellar formation and midbrain patterning (Nakamura et al., 2005; Rhinn et al., 2006) . Indeed, zebrafish fgf8 mutants (ace) show an expanded midbrain, but lack the isthmus and cerebellum (Já szai et al., 2003; Reifers et al., 1998) , as was also observed in mouse Fgf8 mutants (Meyers et al., 1998) . The absence of the constriction and pax2a expression at the MHB and the reduction in the size of otic vesicles at the end of somitogenesis in sdn-R3-expressing embryos correspond well with ace embryo phenotypes. The persistence of pax2a expression at the MHB in early somite stages of sdn-R3-expressing embryos also recapitulates the situation in ace embryos (Reifers et al., 1998) . Thus, the effects of sdn-R3 in the brain can be attributed to the disruption of fgf8, as was predicted by the co-injection experiments. In the posterior structure, ace embryos generate only weak defects, in contrast to embryos expressing sdn-R3. However, the double disruption of fgf8 and fgf24, another FGF8 subfamily gene, significantly disrupted the posterior regions of zebrafish embryos (Draper et al., 2003) , although more weakly than did sdn-R3. Recent progress in determining the zebrafish genome has revealed as many as six FGF8 subfamily genes. Thus, other FGF8 subfamily genes besides fgf8 and fgf24 are likely involved in the posterior development, and we assume that the dramatic effects of sdn-R3 on the posterior region are due to the suppression of all of the FGF8 subfamily growth factors. This is reminiscent of phenotypes observed in FGF8-null mouse embryos, in which the differentiation and migration of mesodermal cells are severely affected at earlier stage (Sun et al., 1999) . Indeed, mice have only three FGF8 subfamily members; Fgf8 is the major gene and Fgf17 is only weakly expressed during gastrulation (Maruoka et al., 1998) .
Our data also suggest that the FGF8 subfamily is specifically required for the formation and/or maintenance of the tailbud, which provides newly formed mesoderm and neural tissues anteriorly, whereas it is not essential for the establishment of the paraxial mesoderm during epiboly. However, the failure of somite development, as revealed by the lack of myod expression, shows that somitogenesis, the later aspect of paraxial mesoderm development, requires the FGF8 subfamily, as demonstrated previously (Baker et al., 2006; Sawada et al., 2001) . Although fgf8 was shown to contribute to the dorsoventral patterning of embryos (Fü rthauer et al., 2001 (Fü rthauer et al., , 2004 , sdn-R3 little affected this patterning. This could be due to the function of other fgf genes including fgf3, which was also implicated in this role. Finally, it should be mentioned that mdn-R3 often failed to show sdn-R3-like effects despite our prediction that mdn-R3 generally suppresses the FGF signal. This is likely due to weaker efficiency in mdn-FGFR suppression of endogenous FGFRs relative to sdn-FGFR-mediated trapping of endogenous FGF ligands and/or inability of mdnFGFR3c to suppress some FGF8 subfamily ligands, which we consider less likely.
Thus, our approach to determining the functions of the FGF-FGFR system in zebrafish using variously modified versions of FGFR genes succeeded in providing new information that could not be obtained using conventional gene knockout/ knockdown methods or chemical FGF signal inhibitors such as SU5402. In addition, our new findings will be useful when interpreting past reports and conducting new experiments involving similar approaches. Interestingly, in all of our experiments, modified FGFR3c showed the most potent effects. FGFR4 also stood out in that its mdn form showed weak activity and failed to affect anterior head development, which is consistent with the unique functions previously suggested for mdn-FGFR4 (Hardcastle et al., 2000; Hongo et al., 1999; Umbhauer et al., 2000) . However, because the expression levels of the respective modified FGFRs have not been compared, we must not overestimate the roles of these two FGFRs in development. More detailed analyses of the effects of these modified genes remain to be performed. Finally, it is a promising possibility that comparison of the effects of two or more mdn-FGFRs/sdn-FGFRs with different target FGFs will allow for differentially recognizing the roles of a particular FGF(s) during embryogenesis.
4.
Experimental procedures
Animals
Adult zebrafish (Danio rerio) was maintained at 27°C under a 14-h light/10-h dark cycle. The embryos were raised at 28.5°C and staged according to Kimmel et al. (1995) .
Constructs of constitutively active fgfr genes
The entire intracellular domains harboring the tyrosine kinase domains were amplified by PCR from the cDNA of the zebrafish fgfr genes (FGFR1-3) (Tonou-Fujimori et al., 2002) or by RT-PCR from embryonic RNA (FGFR4; Thisse et al., 1995) (Supplementary Table 1A ). These were ligated into the EcoRI/ NotI site in pBS torso 4021 -sev (donated by Dr. E. Hafen) (Dickson et al., 1992) , giving rise to fusion genes consisting of the Torso extracellular and transmembrane domains, and the FGFR intracellular domain. The chimeric genes thus formed (ca-R) were excised and inserted into the multicloning sites (MCSs) of pSP64TXB (donated by Drs. N. Ueno and M. Tada).
4.3.
Constructs of dominant-negative fgfr genes
To construct the membrane-bound dominant-negative FGFR genes (mdn-R), we used PCR (Supplementary Table 1B) and/or cDNA clones to obtain cDNA encoding the extracellular and transmembrane domains of the respective FGFRs, and ligated the cDNA into the MCSs of pCS2+. For FGFR1c/4, the cDNA was amplified by RT-PCR using mRNA from embryos as templates. In other cases, the cDNA sequences were excised (FGFR2b/2c), or amplified by PCR (FGFR3c), from the full-length cDNA clones previously described (Tonou-Fujimori et al., 2002) .
To construct soluble dominant-negative FGFR (sdn-FGFR) genes, we amplified the extracellular domain cDNA regions by PCR from the mdn-FGFR constructs described above (Supplementary Table 1B ). The fragments obtained were inserted into the MCSs of pCS2+.
Preparation of mRNA and microinjection into embryos
To synthesize capped mRNA, we linearized template plasmids with appropriate restriction enzymes and transcribed them with SP6 RNA polymerase and the MEGAscript TM SP6 Kit (Ambion) according to the manufacturer's protocol. The mRNA was pressure-injected into single blastomeres of 1-4-cell-stage embryos, which were allowed to develop to the appropriate stages in the presence of 10 U/ml penicillin G and streptomycin (GibcoBRL) .
To analyze the effects of the respective mdn/sdn-FGFRs on the activity of FGF ligands, FGF genes were co-overexpressed with different mdn/sdn-FGFRs by mRNA injection into embryos, for which the elongation along the animal-vegetal axes elicited by all of the fgf genes examined was scored. Prior to the co-injection experiments, we examined the relationship between the dose and the developmental effect for each fgf mRNA preparation to determine its minimal mRNA amount required for nearly complete elongation.
4.5.
Whole mount in situ hybridization (WMISH)
Digoxigenin (DIG)-labeled RNA probes were synthesized using T3 or T7 RNA polymerases (Stratagene) with the DIG RNA Labeling Mix (Roche Diagnostic) according to the manufacturers' protocols. WMISH was performed essentially as described previously (Schulte-Merker et al., 1992) .
4.6.
Acridine orange staining
To detect degenerating cells, live embryos were dechorionated and immersed in phosphate-buffered saline (PBS) con-taining 2 lg/ml acridine orange (Wako) for 1 h. After two brief washes in PBS, the embryos were mounted in 2% methylcellulose and viewed under a Leica fluorescence stereomicroscope (Leica) equipped with a GFP Plus filter.
